Gaseous ignition processes, in common with other chain reactions, are highly susceptible to positive and negative catalysis by traces of foreign substances, and the introduction of controlled amounts of such catalysts and inhibitors simplifies the study of ignition. The reason for this lies in the fact, first demonstrated by Semenoff (1928), that in the simplest case,* * In this case, the only chain processes considered are initiation and propagation both independent of the number of centres present, and branching and deactivation processes which depend only on the first power of the concentration of the centres. Self neutralization of the centres, which proceeds at a rate proportional to the second power of the concentration, will be considered later.
394
F. S. Dainton and R. G. W. Norrish the reaction velocity of a chain reaction under isothermal conditions increases slowly to a constant value when a quantity 0 is negative, but when 0 has positive values the reaction is continuously self-accelerating and may become explosively rapid.
This net branching factor 0 is defined as the difference between the probabilities of branching and deactivation in processes which are of the first order with respect to n, and for an uncatalysed reaction at constant temperature is a function of the total pressure of reactants only. In a catalysed reaction, 0 frequently changes with the partial pressure of the catalyst at about the same rate as it does with the pressure of reactants. If, in this latter case, the catalytic effect is also confined to very small amounts of the sensitizer, say 1 mm., then in a 1/100 molal mixture of catalyst to reactants the inaccuracy in 0 due to error in measuring pres sures is reduced one hundred fold. This precise control and ready reproduc tion of 0 by adjustment of the concentration of sensitizer greatly facilitates the study of explosion. When a catalyst is, in addition, sufficiently effective to cause explosion at temperatures well below those at which the un sensitized reaction takes place with perceptible velocity the reactions responsible for chain branching in the unsensitized reaction will be almost entirely absent, and need not be considered when a reaction scheme is being devised. The hydrogen-oxygen reaction sensitized by nitrogen peroxide and nitrosyl chloride which will be described in this and the succeeding paper, are two examples of such sensitization of ignition.
The work on the H2-0 2-N0 2 reaction described in the present paper, and of which a preliminary account has been given, by the present authors (1939), was undertaken to determine which of the two following theories is correct. The first theory, the so-called 'isothermal' or 'chain' theory, was developed by Hinshelwood and Williamson (1934) and von Elbe and Lewis (1937, 1939) , and holds that the condition for ignition is merely that the branching exceeds the deactivation, i.e. that the boundary between ignition and slow reaction is merely the locus of all compositions for which 0 = 0. The second theory is the so-called 'thermal' theory, due to Foord and Norrish (1935) ) and this holds that owing to the recombination of centres in three-body collisions, a process dependent on the second power of the concentration of the centres, a positive value of 0 does not ensure that the reaction rate is continuously self-accelerating under isothermal conditions. The operation of this factor would restrict the reaction velocity to a finite equilibrium value which is the larger the greater 0 . Ignition is considered to occur only when in some favourable volume element the rate of liberation of heat associated with this equilibrium velocity is greater than the rate of conduction away. The explosion boundary is then defined by equating < f> to some finite positive value which depends on the thermal conductivity. study of sensitized explosions 395 E x pe r im e n t a l method Apparatus. The apparatus differed only in detail from that used in the earlier investigations of Foord and Norrish (1935) . It consisted of a pyrex or quartz cylindrical reaction vessel held horizontally in an electric fur nace, the temperature of which was controlled to ± 0*5° C over 38 cm. of its length, either by hand regulation or by a ' Multelec ' automatic regu lator and recorder, operated by the e.m.f. from a chromel-alumel thermo junction. Gas mixtures of any desired composition and pressures up to 690 mm. Hg. could be admitted to the reaction vessel through a wide-bore tap from a mixing vessel. In order to make up these mixtures and to follow pressure changes after admission of the gas, the reaction vessel and mixing vessel were connected by capillary tubing to a Bourdon gauge of the mirror type described by Foord (1934) . The whole apparatus could be rapidly evacuated by a three-stage quartz mercury diffusion pump, backed by a Hyvac pump.
Measurements were made both in vessels with a clean surface and in vessels the surface of which was covered by a layer of potassium chloride. This layer was deposited by allowing the vessel to stand overnight full of a 10 % solution of potassium chloride in distilled water. After decanting the solution the vessel was attached to the apparatus through the ground joint and the water vapour pumped off at 300° C. This surface layer of potassium chloride could be removed by repeated washing with con centrated nitric acid and distilled water; and vessels cleaned in this manner gave the same results as before the treatment with potassium chloride.
Preparation of gases. Hydrogen and oxygen were prepared by the electrolysis between nickel electrodes of 10 % caustic soda solution saturated with baryta, and stored over water. Both gases were purified from traces of each other by passage over platinized asbestos heated electrically in pyrex tubes, and dried by passage over phosphorus pentoxide. The hydrogen was further dried before use by passing through a spiral cooled in liquid air. The oxygen was condensed in a trap cooled in liquid nitrogen, one-third pumped off to remove traces of nitrogen and the residue evapor ated as required.
Nitrogen peroxide was obtained by gently warming a mixture of dry lead nitrate and clean dry sand in a slow stream of dry oxygen. The nitrogen peroxide was condensed to a red liquid in a trap cooled in an ice-salt freezing mixture and oxygen bubbled through until the solid obtained by cooling to liquid air temperatures was colourless. The final sample was obtained by fractional distillation in vacuo and was considered to be pure if it gave the right vapour pressure curve between -20 and + 15° C (see Egerton 1914) .
Nitrogen was taken from the cylinder and traces of combustible sub stances removed by passage over copper oxide heated electrically to a dull red heat in a pyrex tube, over solid caustic potash and through a glass spiral cooled in liquid air. Argon was also taken from a cylinder and purified in the same manner as the nitrogen, except th at the spiral was cooled in solid carbon dioxide. Preliminary experiments with cylinder gases which had merely been dried gave very variable results, and it was not until combustible materials had been removed th at the induction periods in the presence of foreign gases became reproducible.
Helium was obtained from the Royal Society Mond Laboratory and stored over water. Immediately before use it was purified by passage over phosphorus pentoxide and activated charcoal cooled in liquid air. Carbon dioxide was obtained from the solid after the air had been pumped off.
In view of the trace catalysis of chain processes, reproducibility of con centration limits and induction periods under standard conditions were taken as sufficient criteria of the purity of the gases.
Practical methods. For the preparation of gas mixtures containing accurately known small amounts of nitrogen peroxide between 1 and 4 mm. partial pressure, a mixture of oxygen with 10 % nitrogen peroxide was made up in a subsidiary mixing vessel of 3 1. capacity and allowed to attain uniform composition over a period of 12 hr. When mixtures containing less than 1 mm. nitrogen peroxide were required, this 10 % mixture was further diluted with oxygen to a convenient concentration in another mixing vessel. All the concentrations, foreign gas, nitrogen peroxide, hydrogen and oxygen, are expressed as the pressures associated with these con centrations at 364° C.
The procedure adopted in all the experiments was as follows. Requisite amounts of the appropriate nitrogen peroxide-oxygen mixture wrere drawn off into the main mixing vessel and extra oxygen and hydrogen added, in th at order. This mixture was allowed to become homogeneous by diffusion for a minimum time, varying from 5 min. at total pressures of 100 mm. to 15 min. at total pressures of 600 mm. After this interval the gas was admitted to the reaction vessel and Bourdon gauge and observations made on the occurrence of slow reaction or ignition, and the length of the induction period. After each experiment, the mixing vessel, reaction vessel and gauge were pumped out for 15 min., previous measurements with a McLeod gauge having shown that a pressure of 6 x 10-4 mm. Hg could be attained in this time.
To assist in the maintenance of constant surface conditions during a series of experiments lasting several days the furnace temperature was never allowed to fall below 320° C overnight. E xper im e n ta l r esults
Pressure of reactants
It had previously been observed by Thompson and Hinshelwood (1929) that at a given temperature and mixture composition (2H2 + 0 2) in porce lain or silica vessels of unspecified diameter, the effect of increasing the total pressure of hydrogen and oxygen over the range 150-600 mm. is to lower the upper limiting concentration of nitrogen peroxide and slightly to raise the lower limit. In a quartz vessel of internal diameter 25 mm. at five temperatures between 351 and 409° C, this appears to be true only at pressures greater than a certain value. As the total pressure is reduced below this value the upper limit falls. This is illustrated by the iso thermals of figure 1 from which it may be seen that the position of the maximum of the upper limit, which we shall call the inversion pressure, is about 300 mm. at 364° C, and increases slightly with temperature.
It later became apparent that it would be interesting to discover whether the lower limit passes through a minimum, as the total pressure increases. Both upper and lower limits were therefore determined at 364° C in a pyrex reaction vessel of internal diameter 7-0 mm., which had been rinsed with a 10 % aqueous solution of potassium chloride before use. The results are given in table 1. These results are plotted in figure 2, from which it may be seen that there is a lower limiting pressure of reactants, in this case 127 mm., below which there is no ignition. Above this pressure, the separation of the limits increases with pressure, passing through a maximum at 300 mm. Above this inversion pressure the lower limit rises and the upper limit falls linearly with pressure until a second limiting pressure is reached, in this case about 690 mm., above which the ignition is replaced by slow reaction.
Thus at any given pressure of reactants there are two concentrations of nitrogen peroxide which mark the boundaries of the explosion region, and similarly at any given concentration of sensitizer there are two pressures of reactants enclosing an ignition region. Further, a given change in total pressure has almost three times the effect on the upper limit that it has on the lower limit. The induction period at a given concentration of nitrogen peroxide falls off very rapidly with increase of total pressure, as shown in figure 3. At pressures up to 400 mm. this decrease is more rapid than the reciprocal of the first power of p; whilst above these pressures p r is roughly con This is illustrated in table 2. Although the induction period is so markedly affected by total pressure, the group of curves in figure 4 are all of the same type and show that the dependence on concentration of nitrogen peroxide is represented by the same form of equation, whatever the pressure of reactants, and that the induction period at the upper limit always exceeds that at the lower limit. Associated with this inequality of the induction periods at the limits is the fact that the rate just below the lower limit is always faster than just above the upper limit.
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Temperature
The explosion region is considerably expanded by increase in tem perature. Thompson and Hinshelwood (1929) showed that whereas the lower limit is only slightly lowered, the upper limit increases exponentially with temperature. This has been confirmed, and the upper limits of ignition for a quartz reaction vessel of internal diameter 25 mm. are given in table 3 and plotted in figure 5. From figure 6 it is evident that, at a given pressure, the upper limit is raised according to the equation
E has values between 19,500 and 25,600 cal., depending on the pressure as is shown in This result may be contrasted with the value of ca. 45 kcal. for E , which was deduced by Hinshelwood and Williamson (1934) Whilst seeking for a suitable temperature to study the effect of total pressure on the ignition limits, the variation of the induction period with concentration of sensitizer was obtained for 150 mm. 2H2 + 0 2 at three temperatures, in pyrex reaction vessel of internal diameter 7*0 mm. These results are given in figure 7.
argon lengthens the induction period and eventually quenches the ignition. In figure 8 the change in induction period (r) of 70 mm. hydrogen, 35 mm. of oxygen and 2*24 mm. nitrogen peroxide at 377° C is plotted against the amount of added gas, and it will be observed that the suppression pressures for the gases are in the ratio A : N2: H e: C0 2:: 6-0: 3*6: 3*0 :1-0.* ance. Under conditions where surface deactivation plays a large part in controlling the branching, as for example at a total gas pressure of 120 mm. at 377° C in a pyrex reaction vessel 7*0 mm. internal diameter, which had been rinsed out with 10% aqueous potassium chloride solution, rather different results were obtained which are summarized in figure 11. For the three gases, carbon dioxide, argon and nitrogen, if the pressure is sufficiently large the limit is depressed, the order of decreasing effectiveness of the gases being the order of decreasing atomicity. At low pressures in the case of nitrogen and argon, this decrease is preceded by an increase and the limit passes through a maximum value. This expansion of the explosion region does not occur when carbon dioxide is the foreign gas, but even in this case the initial falling off of the limit is only slight. Although no measurements have been carried out at constant concentrations of nitrogen peroxide for more than four pressures of foreign gas, those data which are available show that the induction period passes through a minimum value as the pressure of inert gas is increased.
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Vessel d i a, etc.
That this reaction is subject to considerable surface deactivation is shown by the inert gas experiments for the small diameter vessel given above, and by the observation of Norrish and Griffiths that the slight increase of surface obtained by fitting the reaction vessel with an axial entry tube was sufficient to replace ignition by rapid reaction which rose to a maximum value and then decreased again as the concentration of N0 2 was increased. The nature of this deactivation has been investigated by determining the ignition limits for 80 mm. hydrogen and 40 mm. oxygen at 377° C in cylindrical pyrex reaction vessels of different diameter, before and after treatment with a 10% aqueous solution of potassium chloride. The results are given in table 5 and figure 12, and may be sum marized :
(a) Above a certain critical diameter the upper limit increases and the lower limit decreases with diameter in a linear way, the effect being very small. Below this critical diameter (about 10-0 mm. in both poisoned and 
Conclusion
The isothermal branched chain theory of this reaction as proposed by von Elbe and Lewis (1937, 1939) was based on the assumption that Thompson and Hinshelwood's results were a full description of the facts. Several differences between these results and those recorded above are, however, apparent, the differences being especially marked for the effect of temperature and pressure of the reactants on the explosion limits. As our results are more numerous and self-consistent and as they confirm the earlier measurements of Gibson and Hinshelwood (1928) we shall consider them to be reliable. In Part VII of the present series it will be shown that the theory of von Elbe and Lewis (1939) cannot be used to predict the experimental variation of the induction period and ignition limits with pressure of reactants and does not therefore 'furnish a complete descrip Vol 177. A. 26 tion of the experimental data'. Further, the asymmetric influence which is apparent in the inequality r v > tl , is not inherent in the chain theory, but may be traced to the physical conditions which must be satisfied for the complete propagation of explosion. This physical condition is neglected in the isothermal theory but is a natural corollary of the thermal theory which will be presented in Part VII.
